Introduction
A hundred years was needed to discover all paramount elements of the ballistosporic discharge mechanism of basidiospores [1, 2] . Already at the very beginning of investigations of this mechanism, the presence of electrostatic charges on basidiospores upon launching from sterigmata was found [3] . The next study on primary electrostatic charges on ballistosporic basidiospores [4] showed that the majority of spores carried positive electrostatic charges in some species, whereas the majority carried negative electrostatic charges in other species. Then the mean spore charge-to-mass quotient and the mean spore electrostatic charge were measured experimentally in Serpula lacrymans (Wulfen) J. Schröt. [5] . The fourth and last experimental study on spore electrostatic charges [6] gave the extreme and mean values of the spore charge-to-mass quotient and spore electrostatic charge for ten species. The concept that electrostatic charges may play a role in the process of spore release [4] was rejected when the forces maintaining the spore release were calculated [5, 6] . Now, after the discovery of the paramount elements of the discharge mechanism, it is clear that spore release is maintained by surface tension forces. Present knowledge on the discharge is incomplete. For example, it is not clear how the osmolytes are delivered to the spore surface in a sufficient concentration to act as nuclei for the condensation of water [7] . New ideas for completing the knowledge of the ballistospore discharge mechanism in Basidiomycetes may be identified when the basic aspects of electrostatic charges are better understood. Detailed information about electrostatic charges would help to estimate the role of basidiospores in atmospheric processes. Contribution of fungi to primary biogenic aerosols in the atmosphere is studied intensively at the present time [8, 9] .
Despite the fact that the studies of Buller, Gregory, Swinbank et al., and Webster et al. [3] [4] [5] [6] include data on electrostatic charges in 15 species, information on both the magnitude and the polarity of charges exists only in three species. In most species, either the magnitude (in 7 species) or the polarity (5 species) was recorded. The bulk of the data were found using small spore samples (in total 12-80 spores per species) or a single big sample (1 hr collection of spores) per species, or using the spores released from a piece of hymenophore. These studies are single sporadic attempts to understand electrostatic phenomena in the higher fungi, and were not followed by systematic studies on problems concerning the origin of charges.
The aims of the present study are both the polarity and the magnitude of primary electrostatic charge of basidiospores. I report the results of an investigation, which was based on big spore samples collected in natural forest conditions. I focus at the four closely related (sibling) species Phellinus alni (Bondartsev) Parmasto, P. nigricans (Fr.) P. Karst., P. populicola Niemelä, and P. tremulae (Bondartsev) Bondartsev & P.N. Borisov (the Phellinus igniarius group, Hymenochaetales, Basidiomycota).
Experimental Procedures

Spores and sporulation
Basidiospores of Phellinus species are produced by perennial sessile, up to 20 cm wide fruiting bodies growing on trees, and are emitted from spring to autumn [10, 11] . Spores are emitted through circular pores covering the undersurface of fruiting bodies (about five pores per millimetre [12] ). When the spore leaves the fruiting body, it is free falling. This vertical movement continues through a laminar layer (a band of still air, usually 2-3 mm thick) existing immediately beneath the fruiting body; thereafter the movement of the spore is influenced by air flows [13] . Ballistic basidiospores move in the air singly, they do not tend to clump together (personal observations).
In the present study, the species were represented unequally: P. nigricans by one spore sample, P. alni by four spore samples (two fruiting bodies), P. populicola, 18 spore samples (four fruiting bodies), and P. tremula, 10 spore samples (6 fruiting bodies) ( Table  1) . Phellinus alni and P. tremulae were studied in two localities over two years, P. nigricans and P. populicola were studied in one locality in one year. In 1972, spore samples were taken in forests in the Vooremaa Landscape Protection Area (Jõgeva Co., 58°43'N and 26°45'E), and in 1973 spore samples were collected in the Järvselja Experimental Forest Division (Tartu Co., 58°16'N and 27°18'E). These localities represent different landscape regions, the first Vooremaa locality being a drumlin field, where cultivated drumlins are separated by forested depressions or lake-filled depressions or till planes, and the second Järvselja locality representing a lowland, where boggy forests are growing on wet sands [14] . The temperature and humidity of air were measured by the Assmann psychrometer at the height of 1 m above ground and at a distance of 2 m from a fruiting body (or within a distance of 40 m, if several fruiting bodies were studied simultaneously) immediately before and after exposure of the sampling chamber(s). These spore collections were a party to an investigation carried out in the 1970s by the author, at that time a graduate student in the Institute of Zoology and Botany of the Academy of Sciences of Estonia. Altogether 46 species of hymenomycetous Agaricomycetes were considered, the results were left unpublished until this.
Basidiospores of the species studied are ellipsoidal. Mean spore sizes were recorded as follows: P. alni 5.94x5.11 μm (length x width) and the quotient of length and width (Q) from 1.1 to 1.2, P. nigricans 6.55×5.86 μm and Q=1.1-1.2 (the greatest and almost global spores), P. populicola 5.58×4.76 μm and Q=1.1-1.2, and P. tremulae 4.99×4.08 μm and Q=1.3-1.4 (the smallest and most prolonged spores) [12, 15] . Since the density of the spores remained ambiguous [6] , the spores were considered as prolate ellipsoids of constant shape and size, having the polar axis equal to the mean spore length and the equatorial diameter equal to the mean spore width, and a density of 10 3 kg m -3 .
Experimental set-up
In all previous studies [3] [4] [5] [6] , spores were allowed to fall in the homogeneous horizontal electric field. In these conditions, the spore charge is related to the horizontal velocity of the spore, while the vertical velocity is related to the size and mass. Between the four previous studies, the method used to obtain information about spore trajectories differed. The moving spores were either observed by horizontal microscope to see the direction of declination of trajectories from the vertical [3] , or were photographed using a microscope and darkfield stroboscopic illumination to find the magnitude of declination by the photographic trajectory [6] . The spore sediment on the bottom was used to measure the distance of displacement of spore from the vertical fall and the ratio of that distance to the height of electrodes (as the vertical component of spore trajectory) indicated the declination of trajectory [5] . The electrodes and the bottom between them were checked for the presence or absence of spore sediments; the polarity of the destination electrode indicated the polarity of spore charge [4] . The equipment used for the measurement of the spore charge-to-mass quotient consisted of the self- designed and -constructed device, and of an optical microscope МБИ-11with a double illumination system of transmitted light and reflected light, which enabled the direct counting of the spores and the determination of the settling sites of the spores. The operating principle of the device, falling spores in still air filled with a homogeneous horizontal electric field, was the same as that used in the previous studies. The spore sediment on an electrode was used to measure the vertical component of spore trajectory and the distance between electrodes, for the horizontal component. The device consisted of three parts: a chamber, a stand, and a battery. The chamber accommodated an air space (height 34 mm, length 43 mm, width 10-25 mm) with an electrostatic field (strength 13-33 kV m -1 ). Two vertical metal electrodes, with a horizontal glass slide under them and a horizontal metal ceiling above them formed this space (Figure 1 ). The ceiling had a 4 mm wide slot as an entrance for the spores. The air space, together with the electrodes and the glass slide, was surrounded with vertical walls (two plastic walls and two metal walls) and a horizontal metal bottom plate. The metal walls, ceiling and bottom plate were earthed. The electrodes were fixed in position by vertical grooves cut in the plastic walls, and forced to the terminals covering the lowest part of the grooves.
The metal stand held the bottom plate (propping the chamber up and closing the chamber from below). A ball-and-socket head was used as a fine regulator to adjust the bottom plate into the horizontal position (allowing deviations of smaller than one degree). The stand was earthed. A battery of constant voltage source with nominal 330 volts was used to give the electrodes electric charges of equal magnitude, but of opposite polarity.
Overview of procedures
Measurement of the spore charge-to-mass quotient involved many routine experimental procedures connected with the spore sampling, the sediment checking, and the computation. Aims of the procedures for sediment checking and computation were to find out the polarity distribution of electrostatic charges (hereafter referred to as "charges") of spores in the sample, the vertical distribution of spores on electrodes (Figure 2 ), the amounts of spores in different (negative, positive and non-charged) sample portions, values of the mean spore charge-to-mass quotient and the mean spore charge.
Spore sampling
The chamber was located as near as possible to the hymenophore, but not in contact (the distance between was about 1-2 mm), and spores were allowed to fall and settle in fixed electrical and air conditions. The spores settled on the electrodes and glass slides. Before the start of an exposure to spores, the chamber needed to reach the temperature of the surrounding air (about 15-20 minutes). After the end Figure 1 . Device for measurement of the spore charge-to-mass quotient in natural forest conditions: a) general view of the chamber located on the bottom plate; b) cross-section through the middle of chamber, the electrical scheme, and spore trajectories of non-charged spore (1), spore with the charge too small to detect (2) , and spore with the charge bigger than the detection limit (3). of the exposure, the last spores were given the time to settle (3 minutes). During non-exposures, the slot was covered by a paper lid. Before and after the exposure, the value of the voltage on the terminals was controlled.
Spore amounts in a sample
The electrodes were scanned under a light microscope (×370) using 510 microscopic fields per electrode (evenly situated over the scanning area, forming 15 vertical and 34 horizontal series). The spores were counted in every field. The amount of spores on the scanning area N was computed as follows:
where S scanning is the area scanned on the electrode of 34x11 mm 2 , S microfield the area of the microscopic field of 0.096 mm 2 , A the integer equal to the height of the electrode in the units of millimetre, h the integer equal to the distance (in the units of millimetre) from the electrode's upper edge to the centre of the microscopic field, and x h the mean number of spores per microscopic field located at the distance h. The amount of the spores on the glass slide (the middle transversal part of the slide being 11 mm wide) was found in a similar way.
Polarity distribution
The polarity distribution of the spore charges in a sample was identified as follows: if spores were found only on the negative electrode or, in addition, also on the glass slide, then unipolar-positive distribution was proposed; if spore were only found on the positive electrode or also on the glass slide, then it is a case of unipolar-negative distribution; if on both electrodes or also on the glass slide, then we refer to a bipolar distribution. If spores were found only on the glass slide, then the sample consisted entirely of noncharged spores.
The limit of detection of spore charges depended on the distance between the electrodes and on the size of the spores. It was the lowest, when the shortest distance between electrodes was used to collect smallest spores in the four species under consideration (8-19 e, P. tremulae) and the highest, when the widest distance between electrodes was used for greatest spores (167-246 e, P. nigricans). Therefore, actually, a noncharged portion of spore samples could overwhelm not only those spores that did not carry electric charges, but also those spores that carried positive or negative charges insufficient for the attraction of spores to vertical plates.
Measurement of the spore charge-to-mass quotient
Measuring the charge-to-mass quotient of a microscopic particle by means of the declination of its trajectory from the vertical when falling under gravity and a homogenous horizontal electric field is a well-known method [16] [17] [18] , first used by Hopper and Laby in 1941 [19] . In my case, the declination from the vertical was equal to the ratio of (½ L): (h), where L is the distance between the electrodes and h is the distance of the spore settling site from the upper edge of the electrode. The spores studied were smooth, subspherical and in the size by which the drag force exerted by the air to the motion of the spore is predicted by the Stokes' Law [18] . Therefore the quotient of the spore charge (q) and the spore mass (m) could be found by the equation:
where q m is the spore charge-to-mass quotient (q/m), g the acceleration of gravity, L the distance between the electrodes, U is the difference of potential on the electrodes, and h is the distance of the spore from the upper edge of the electrode [6, [16] [17] [18] . Backed on to equation (2) .*'("%1-,*"(0.6*,"1*,"',*'"-+"7879:".. ;"
where g, L and U are as above, A is the integer (whole number) equal to the height (mm) of the electrode, h the integer equal to the distance (mm) from the electrode's upper edge, h x the mean number of spores per the microscopic field at the distance h. The mean value of the spore charge-to-mass quotient for both parts of a spore sample, the spores with negative charges and the spores with positive charges was calculated.
Estimation of the measurement error
The measurement error of the mean spore chargeto-mass quotient was evaluated as a sum of the instrumental error and the random error.
The inherently unpredictable fluctuation in the distribution of the density of spore sedimentation on an electrode would cause random error. Random error was estimated using the equation The instrumental error consisted of many components resulting from the imperfect fulfilment of the assumptions made for the equation (2) and from the imperfect exactness of the measurements of the factors of this equation. The contributions of some error components were negligible (g, relaxation, h) or balancing each other (spore form and size) or impossible to evaluate (convective airflows), but six components were taken into consideration. As the components were independent from one another, the instrumental error was calculated according to the equation 
Calculation of the charge magnitude
The mean spore charge (the mean value of the charge on the spore) 
Testing the difference between the means of samples
To answer the question whether spore samples differed by mean spore charge-to-mass quotient (or by mean charge), a t test for samples of unequal sizes and variances was used. Degrees of freedom was equal to n 1 +n 2 -2, where n 1 and n 2 were the total numbers of spores observed in the samples. About 100 to 10,000 spores were observed (counted in the microscopic fields) per sample and, therefore, the degrees of freedom was equal to the infinity. At the 0.05 level of 
Results
Amount of spores in samples
Altogether 33 spore samples were collected in the four sibling species of the Phellinus igniarius group. Among them 23 were small, consisted of 10 2 -10 3 spores, and 10 samples were big, consisted of 10 4 -10 6 spores ( Table 2 ). The big samples were collected in all species (one sample in P. alni and P. nigricans, two in P. termulae and six in P. populicola). The samples of P. tremulae and P. populicola spores were made in different seasonal (vernal and autumnal) and circadian (nocturnal, morning, diurnal and evening) periods and in different air conditions. Conditions included those that were relatively constant air temperature and relative humidity (changing ≤2°C and ≤2%, respectively) to those that were variable in temperature and humidity (4°C, 15% or 8°C, 1%) ( Table 1 ). The samples of P. populicola spores also represented different substrates (living and dead trees).
Polarity distribution
Unipolar-positive distribution of charges was identified in all samples (Table 2 ). In P. tremulae, each spore carried a positive charge. In P. populicola, either each spore carried a positive charge (3 samples), or a relatively small part of non-charged spores coincided with positive spores (15 samples). In P. alni and P. nigricans, the majority of spores were charged, each of them carrying a positive charge.
Spore charge-to-mass quotient
In ten samples, the mean spore charge-to-mass quotient ( € q m ) with the 95% confidence interval was recorded (Figure 3) . The variation ranges of € q m were as follows: (1.10-3.14)×10 (Figure 3 , Table 3 ). A significant difference (P≤0.05) between samples in € q m occurred in 1/3 of sample pairs and a nonsignificant difference occurred in 2/3 of pairs ( Table 4) . Both the significant and non-significant differences occurred in interspecies pairs, intraspecies pairs and intraspecimen pairs of spore samples. So, significantly differed interspecies pairs of P. populicola -P. nigricans, P. populicola -P. alni, P. populicola -P. tremulae, Sample 91 (2252) 92 (10118) 95 (815) 99 (1364) 102 (539) 106 (128) 107 (1399) 114 (491) 118 ( Table 4 . Difference between the spore samples in mean charge-to-mass quotient (above) and mean spore charge (below) in the Phellinus igniarius group: values of t according to the independent two sample t test for the samples of unequal size and unequal variance. Numbersinbrackets=amountofsporesinvolvedintothecalculationofthemean.
Inbold=t>1.96,asignificantdifference(P<0.05).
P. tremulae -P. alni and of P. tremulae -P. nigricans occurred. The occurrence of pair(s) of non-significantly differed samples in every two-combination from four species showed that these species did not differ from each other in € q m . Furthermore, the results in P. populicola showed that non-significant differences in € q m occurred between the samples originating from both a certain fruiting body and different fruiting bodies. The samples differing significantly from each other occurred both in the species and in a fruiting body. The ranges of intraspecimen (within a fruiting body) variation and of the intraspecies (within a species) variation of € q m were actually the same (Table 3 ).
Charge magnitude
The absolute values of mean spore charge ( € q ) were found in the ten samples ( Figure 4 ). Every value was considered with the 95% confidence interval. The variation range of € q was 56-159 e for P. alni, 104-305 e for P. nigricans, 48-273 e for P. populicola and 61-170 e for P. tremulae (e is the elementary charge equal to the charge of an electron in positive sign, 1.602×10 -19 C). The absolute values of mean spore charge € q were as follows: in P. alni 108 e, in P. nigricans 204 e, P. populicola 152 e and P. tremulae 117 e (Figure 4, Table 3 ).
A significant difference (P≤0.05) between samples in € q m occurred in 1/3 of sample pairs and a non-significant difference occurred in 2/3 of pairs (Table 4 ). Both the significant and non-significant differences occurred in interspecies pairs, intraspecies pairs and intraspecimen pairs of spore samples. As in the case of € q m , the results
showed, that the differences between all these species in € q were non-significant. In P. populicola, the samples differing significantly from each other occurred both in the species and in a fruiting body, and the ranges of intraspecimen variation and of the intraspecies variation of € q were actually the same (Table 4 ). Spore charge, e Sample number Fruitbody no., species (p -P. populicola, n -P. nigricans, a -P. alni, t -P. tremulae)
Discussion
Polarity distribution
In P. tremulae, P. populicola and P. alni, the polarity distribution of spore charges appeared to be independent of spatial or temporal factors, air conditions, and substrates. This corroborated the results of Gregory [4] and Swinbank et al. [5] who showed the same polarity distribution in all samples of Serpula lacrymans (the unipolar-negative distribution in several spore samples from one fruiting body) and of Ganoderma applanatum (the unipolar-positive distribution in about dozen samples coming from several fruiting bodies at several geographical locations during two years [4] . In those studies it was demonstrated that the species of this relatively small monophyletic genus Coprinellus, showed the same type of the polarity distribution (the bipolarity with the prevailing negative part). The uniformity in the type of the polarity distributions should indicate that the same chemical substances are involved in the process of charge formation in phylogenetically closely related species. There are likely to be two endogenous processes which can host these substances. Firstly, the formation of the Buller's drop. Different physicochemical processes are involved in condensation of water upon the spore surface. Second, the rupture of the contacting walls of the spore and sterigma. The spore gains an electric charge at the moment of ejection from sterigma. This electrification could occur due to the electric polarization in substances subjecting to mechanical strain (triboelectrification). Or, due to the separation of different layers consisting the electrical double layer in the space between two septa. An endogeneous origin for primary electrostatic charges of basidiospores has been suggested earlier [5, 20] but no evidence to support these hypotheses was provided.
Spore charge-to-mass quotient
The earlier results [5, 6] [5] and [6] . It was supposed [6] that the main factor responsible for a lack of similarity between the values of | € q m | for S. lacrymans found by different researchers may be the difference of techniques of experiments. A natural phenomenon of a species -the variation of sizes of spores -could be among the factors responsible for the intraspecific variation of the mean spore charges-tomass quotient (see the section of charge magnitude).
Charge magnitude
The species of the igniarius-group (P. alni, P. nigricans, P. populicola and P. tremulae) had mean spore charges in the range of 48-305 e. This agreed with the majority of the earlier published results [5, 6] showing a range of 28-273 e for the eight species, and contrasted to the results in two species, 7 e for Agaricus bisporus and 6,710 e for Itersonilia perplexans.
In the calculations of charges, three assumptions were made that all concerned the mass of falling spores: 1. A spore moves alone, without the Buller's drop. 2. The density of a spore is equal to the density of water. 3. Spores have the same size. A discussion of each of these assumptions and the corresponding implications follows.
To calculate the maximum possible error of | € q |, the whole amount of liquid must be considered. An estimate for I. perplexans, assuming the drop to have the diameter of 10 mm, is given in [6] : the ignoring of the liquid of the Buller's drop on the falling spores makes the charge 0.61-fold smaller. Experiments in three agaric species showed that basidiospore density is in the range of (1.02-1.21)×10
3 kg m -3 [21] . Preliminary experiments in Hymenomycetes showed spore density to be close to the density of water yet a little greater. Consequently, in the present study the values of | € q | were not overestimated, but they could have been underestimated slightly (0.83-fold if the spore density is equal to 1.21×10 3 kg m -3 ). The natural variation of the spore size (length and width) in a single sample (a) and the variation of the mean spore size in samples (b, c) will be discussed below. The discussion is supported by the general description given by Parmasto and Parmasto [22] on the variation of basidiospores in the Hymenomycetes.
(a) The frequency distribution of the spore size of a sample is approximately normally distributed, a small positive skewness occurs [22] . Due to the skew, the values of | € q | were slightly underestimated in the present study.
(b) The spore mean size is not constant in the samples originated from one fruiting body in different years, on different days or at different times. In polypores, the spore size has a fluctuating nature, i.e., variation without clear common tendencies. [22] . Neglecting to consider the variation of the mean spore size could be responsible for the significant differences between the mean spore charges in the II fruiting body of P. populicola. Considering 99.7% of the variation of the mean spore size, i. e., the range of [(mean -3 × standard deviation), (mean + 3 × standard deviation)] (Table 5 ), the t test showed, that neglecting the variation of the mean spore size could be responsible for the significant differences of the mean spore charges.
(c) The variation of the spore mean size depends on the species. The mean variation coefficient is 4.7-10.3 for the mean spore length and 5.4-13.0 for the mean spore width. [22] . Among the four species studied (P alni, P. nigricans, P. populicola, and P. tremulae), the mean spore volume is least variable in P. populicola (difference between the extremes of the spore mean volume Figure 4 ) must be made 0.7-0.8-fold lower, and the upper limit must be made 1.2-1.4-fold higher ( Table 5) . In all species with basidiospores of low variability (incl. the species studied), these numbers could be used for a preliminary estimate of the variation range of | € q | occurring due to the natural variation of spore sizes.
The discussion about the influence of the assumptions made for the mass of the falling spore shows that the mean spore charges were conservatively and narrowly estimated in the present study. It also shows that the natural variation of the spore size is obviously an important factor of intraspecies variations of spore charges.
Would the charges affect the release, transport, or deposition of the spores? Charges do not influence the release of spores from the fruiting body [6] . The Earth's fair-weather electric field is directed downwards and its average value near the ground is about 130 V m −1 . Thus the spores with a positive charge are drifting downwards and vice versa for negative charge. However, the drift speed is low for typical spores. For example, a spore with a diameter of 5 μm and with a charge of 1000 e drifts at the speed of 0.02 mm s −1 . Such a speed is less than ordinary fluctuations of wind velocity and is no determining factor for the sedimentation of spores. Charges of magnitude <10
4 e per spore of 20 μm diameter are insufficient to influence deposition to plant surfaces [23] . Whether the charges influence the condensation of water on the surface of spores or the coagulation of spores with fine drops in fog and drizzle (thus influencing the wash-out of spores from the atmosphere), are questions yet to be studied.
Conclusions
In the group of the species studied (sibling species Phellinus alni, P. nigricans, P. populicola, and P. tremulae), all samples of basidiospores are electrically charged. All electrostatic charges on spores are positive.
The mean spore charge-to-mass quotients vary in the range of (1.10-6.60)×10 -4 C kg -1 . In P. populicola, the variability was high (variation coefficient 35% within the species and 53%, within a fruiting body), the range of intraspecies variation coincided with the range of intraspecimen variation. The species studied did not differ significantly from each other regarding the mean charge-to-mass quotients. The mean spore charges vary in the range of 48-305 e. In P. populicola, variability in € q was high, whereas the ranges of intraspecimen variation and of the intraspecies variation coincided. The species studied did not differ significantly from each other regarding the mean spore charges. Both the differences and the similarities in € q between spore samples occurred in interspecies, intraspecies and intraspecimen pairs. The intraspecies variation of the mean spore charge could depend on the natural variation of the mean spore size.
